Abstract. We found that Ce on the Si(111) system exhibited nonmetallic behavior at a critical coverage of 4.0 ML. We observed a large binding energy shift of 2.5 eV in x-ray photoelectron spectroscopy (XPS), and a band gap of 0.6 eV in scanning tunneling spectroscopy (STS), whereas normal metallic behavior was observed at other coverages. Moreover, a strong downward surface relaxation was observed at this critical coverage with increased surface roughness. We expect that this phase transition at a critical coverage is due to the breakdown of bulk modulus as a result of the release of tensile stress along the in-plane direction.
2 including the effect of steps when it was annealed [6] - [8] . Generally, most rare-earth silicides show metallic properties with good thermal conductivity and high density of states (DOS) at E F [9, 10] . However, some rare-earth silicides exhibiting semimetallic behavior with a low DOS at E F , such as Yb [11] and Eu silicides [12] , have also been reported.
In this paper, we will describe a new type of metal-to-non-metal phase transition in Ce on Si(111) at room temperature (RT) driven by variation of the Ce overlayer thickness using x-ray photoelectron spectroscopy (XPS), scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS).
Our experiments were performed in two different UHV systems (XPS and STM) with base pressures below 1.0 × 10 −10 Torr at RT. The XPS chamber was equipped with a hemispherical electrostatic analyzer and four-grid LEED optics. We obtained the photoelectron spectra of Ce on Si(111) using an Al K α x-ray source (hυ = 1486.6 eV). All the spectra in our experiments were collected at normal emission. The atomic scaled images and the tunneling spectra were obtained with VT-STM (omicron). In the constant current imaging mode at 0.1 nA, the sample bias voltage was set to −2.0 V. The pressure during Ce deposition was kept below 2.0 × 10 −10 Torr. Ce thickness was calibrated using a thickness monitor and the deposition rate (flux) was maintained at a constant value of 1 Å min −1 . The thickness of the nanolayers is given in monolayers (ML) of deposited Ce atoms, where one monolayer is defined by the number of surface atoms of a bulk terminated Si(111) substrate. Figure 1 shows a series of Si 2p (left panel) and Ce 3d 5/2 (right panel) core level spectra as a function of Ce coverage. Increasing Ce coverage, we found that the binding energies of Si 2p and Ce 3d 5/2 shift slightly towards higher binding energy. At a low coverage (0.5 ML), the core level of Ce 3d 5/2 is shown to be a doublet, which is attributed to the formation of Ce silicide and metallic Ce. Interestingly, we found that both the Si 2p and Ce 3d 5/2 core-level spectra showed a huge shift in binding energy (2.5 eV) relative to the clean Si 2p at 4.0 ML. Upon further deposition of Ce above 4.0 ML, however, the binding energy is restored to the value observed at the coverage of 3.0 ML. Thus, we found that a huge binding energy shift only occurs at a critical coverage of Ce (4.0 ML). We have shown the region of oxygen 1s core level at the coverage of 4 ML Ce in the inset of figure 1 to exclude the possibility of surface contamination.
There are two possible explanations for this observation. Fermi level pinning at the metalSi interface and the steady-state charging effect could explain this. In general, the small corelevel shift can be explained as a result of Fermi level pinning [13] or variations in the chemical composition at the initial state forming an interface. However, a large core-level shift of 2.5 eV shown at a coverage of 4.0 ML cannot be accounted for by Fermi level pinning because the band gap of this Si(111)-7 × 7 (0.72 eV) at RT is narrow to accommodate such a large shift [14] . If this large binding energy shift can be considered to be a steady-state charging shown in thin silicon dioxide films on bulk Si [15] , this means that the Ce overlayer becomes an insulator or nonmetal at this critical coverage. Since the thickness of the Ce layer is small, the amount of charging can be very large due to the large capacitance of the system, if we apply the model of a plate capacitor. The values of the full width at half maximum (FWHM) of the Si 2p core levels for the clean and Ce-deposited Si surfaces are listed in table 1. As shown in these values, the FWHM initially increases slightly from 1.38 eV for the clean surface to 1.42 eV for 1.5 ML Ce, then increases to 1.45 eV at 3.0 ML, before suddenly increasing to a maximum value of 1.63 eV at 4.0 ML. Further deposition of Ce, however, caused a sharp decrease in the FWHM such that, at a coverage of 5.0 ML and above, it returns to around 1.40 eV. The FWHM of Ce 3d 5/2 also increases by 0.3 eV at this critical coverage (not shown in table 1). To clarify the metal-to-non-metal phase transition observed in the XPS data, we also obtained the STM images and STS as a function of Ce coverage. Figures 2(a)-(c) show filledstate STM images under the same conditions (−2.0 V and 0.1 nA) at Ce coverages of 3.0, 4.0 and 5.0 ML, respectively. The bottom panel of figure 2 shows the distribution of heights for each coverage. In contrast to the 3.0 and 5.0 ML systems, the plot for the Ce film deposited with a coverage of 4.0 ML describes three clear peaks corresponding to a thickness of 3.0, 4.0 and 5.0 ML. Moreover, we also calculated the roughness value at each coverage using the equation of the root mean square height as follows:
where N is the number of data points involved and Z is the thickness. From this equation, we obtained roughness values of 0.028 nm at 3.0 ML, 0.056 nm at 4.0 ML, and 0.029 nm at 5.0 ML, respectively. Given that these irregular islands appear at the same coverage as the phase transition observed in the XPS data, we conjectured that this phase transition originates from the variation of the height and roughness. We decomposed each layer in this plot, and showed two major spacings between the layers to clarify the correlation between roughness and the change in interlayer spacing in each image in figure 3 . Since the tunneling condition depends strongly on the film state, we have calibrated our thickness with the step height, which is already a known value. The error bars in figure 3 correspond to the standard deviation of the height distribution. The plot of interlayer spacing versus coverage exhibits a prominent dip at 4.0 ML of Ce, providing clear evidence that the structure of the film formed at a coverage of 4.0 ML of Ce is distinct from the structures formed at higher and lower coverages. The interlayer spacing at 4.0 ML of Ce is about 25% lower than the spacing at higher and lower coverages and the direction of this relaxation is downward. We marked the interlayer spacing for the (111) direction of α-phase, the (0001) direction of β-phase, the (111) direction of γ -phase and the (111) direction of δ-phase of Ce [5] . At the initial stage of film growth, if the pseudomorphic growth is maintained, then the β-phase is the structure with least stress. By diminishing this stress upon growth, at certain coverages, there is no tensile stress along the in-plane direction. This is the situation where the bulk modulus collapses so that the overlayer can relax back to the more stable condition only along the direction perpendicular to the plane [16] . We have not shown its structure directly but the interlayer spacing corresponds to the high temperature δ-phase. Moreover, this (111) surface of the bcc structure can leave many vacancies to make it rough, which is the case in our STM data. Above this critical coverage, this zero-bulk-modulus condition cannot be satisfied so that this growth is the same as the initial states up to 8.0 ML. ) for three different coverages. Specifically, the spectra for the Ce coverages of 3.0 and 5.0 ML show no apparent band gap, whereas a band gap of 0.6 eV is evident at the 4.0 ML Ce/Si(111) surface. This is quite consistent with the XPS data, which showed a large binding energy shift at 4.0 ML, and provides direct evidence of band gap formation at this critical Ce coverage.
Metal-nonmetal phase transition driven by the film thickness was reported in Sb/GaAs(110) [17] . The origin of the phase transition was attributed to surface relaxation driven by the quantum confinement of electrons within the Sb slab. Also the roughening transition versus temperature on Pb films grown on Cu(111) has been reported, where it was also attributed to the quantum well effect [18] . However, there is no experimental support for the quantum confinement effect in our system. Our observation of the phase transition is more or less related to the stress-induced structural change in origin.
In conclusion, we have observed a metal-to-nonmetal phase transition at the Ce/Si(111) surface, driven by the thickness of the Ce overlayer. XPS and STS data confirmed the existence of a nonmetallic phase at around 4.0 ML at RT. At this nonmetallic phase, the surface roughness was enhanced by 100% with a large decrease in interlayer spacing. By manipulating the condition for the tensile stress relief of the thin film where the pseudomorphic growth ends, we can change the property of the overlayer drastically.
